This paper investigates the influence of reaction medium pH on silica-coating of magnetite nanoparticles. Magnetite nanoparticles were prepared by means of a reduction-precipitation method using ferric chloride as a starting material, which was partially reduced to ferrous salts by Na 2 SO 3 before alkalinizing with ammonia. The particles were coated by sol-gel method with either ammonia or HCl aqueous solutions for either base-or acid-catalyzed hydrolysis, respectively. Powder X-ray diffraction, Fourier-transform infrared, and Zeta Potential were used for the characterization of oxides and of the coated magnetic nanoparticles. The observed difference of pH IEP in KCl solution for pure silica (2.0), magnetite (5.0), and silica-coated magnetite (2.3) samples confirms that the coating process was effective since the charge surface properties of coated magnetic nanoparticles are close to that of pure silica, even though the Fourier-transform infrared spectra did not evidence the formation of Fe-O-Si bonds.
INTRODUCTION
Chemically synthesized magnetic nanoparticles have drawn much attention [1] [2] [3] due to the unique magnetic properties associated to their size magnitude and distribution uniformity. Among these particles, magnetite nanoparticles have been widely studied with biomedical applications in view, such as magnetic resonance imaging for clinical diagnosis, magnetic drug targeting, hyperthermia anti-cancer strategy, and enzyme immobilization [4] [5] [6] [7] [8] [9] [10] [11] .
Magnetite (Fe 3 O 4 ), a common magnetic iron oxide, has a cubic inverse spinel structure with oxygen forming a FCC closed packing and Fe cations occupying the interstitial tetrahedral and octahedral sites [12] . The electrons can hop between Fe 2+ and Fe 3+ ions in octahedral sites even at room temperature, rendering magnetite an important half-metallic material [13] . Due to the anisotropic dipolar attraction, unmodified magnetic nanoparticles of iron oxides tend to aggregate into large clusters and thus lose the specific properties associated with single-domain. In addition, the reactivity of iron oxide particles has been shown to increase greatly as their dimensions are reduced and they may undergo rapid biodegradation when exposed directly to biological systems [14, 15] . Suitable coating is essential to prevent such limitation [16] . Silica coating of magnetic nanoparticles has become a promising and important approach in the development of magnetic nanoparticles for both fundamental study and technological research. The formation of a silica coating on the surface of iron oxide nanoparticles could help prevent their aggregation in liquid and improve their chemical stability. Another advantage of silica-coating iron oxide nanoparticles is that the silanolterminated surface groups may be modified with various coupling agents to covalently bind to specific ligands [ [17] [18] [19] . Finally, the most important is that the silica layer provides magnetic nanoparticles with a surface chemically friendly to biological systems. Among various chemical synthesis coating methods, the sol-gel process offers several advantages, including good homogeneity, low cost, and high purity.
The electrical nature of the sample-water interface is the result of the hydrolysis of the surface species followed by pH-dependent dissociation of surface hydroxyls. A characteristic property of the sample surface is the condition of surface zero charge, known as zero point of charge (zpc), which is usually determined by some form of acid-base titration technique. Surface characteristics may also be investigated by electrokinetic phenomena, which involve the inter-relation between mechanical and electrical effects at a moving interface. Electrokinetic results are generally expressed in terms of zeta potential, which may be calculated from the electrophoretic mobility of particles through a field with known strength. The term, isoelectric point (iep) refers to conditions under which the zeta potential is zero. The surface potential need not be zero when the zeta potential is zero, particularly in the case of specifically adsorbed ions, hence the zpc and iep need not be the same [20] .
In this work, zeta-potential measurements are used to monitor coating efficiency besides its characterization by X-ray diffraction (XRD), and Fourier-transform infrared spectroscopy.
EXPERIMENTAL

Materials
Reagent grade FeCl 3 ·6H 2 O and Na 2 SO 3 , ammonium hydroxide, ethyl alcohol, acetone, chloridric acid (Synth), and tetraethyl orthosilicate (TEOS -Aldrich 98%) were used as purchased.
Iron oxide nanoparticle synthesis
The method proposed in [21] was used in the preparation of nanoparticulate magnetite. Magnetic particles were synthesized using 15 mL
HCl, 10 mL of Na 2 SO 3 stock solution (1 mol.L -1 ), and 25.4 mL of ammonium hydroxide solution diluted to a total volume of 400 mL. The reaction was carried out in 1000-mL 3-necked round bottom flask by bubbling a protective gas (nitrogen) for ensure an inert atmosphere. Just after mixing Fe 3+ and SO 3 2-, the color of the solution changed from light yellow to red and afterwards back to yellow. At that moment, the diluted ammonia solution was poured into the solution quickly under vigorous stirring and a black precipitate was formed. The reaction was continued by stirring for an additional 30 min. The supernatant was discarded and the black precipitate was centrifuged with distilled water. This procedure was repeated five times and then, the precipitate obtained was centrifuged with acetone and subsequently placed in a desiccator and dried at room temperature. Then, the sample was reduced in a Pyrex tube under H 2 flowing at 50 mL.min -1 for 2 h at increasing temperature from 20 to 250 ºC at a rate of 10 ºC.min -1 , which was held for a total heating period of 2 h. This sample was labeled Mt.
Silica-coating of iron oxide nanoparticle
Silica coating was carried out using modified reported methods [22, 23] . Deng e cols. prepared silica-coated magnetite nanoparticles using different types of alcohols, and various volume ratios of ethanol to water (V E/W ). The feeding amount of catalyst and TEOS were also varied and the synthesis products were carefully characterized. In our study we used the optimized experimental conditions obtained in those studies. The formulations of each reaction were the same except for the type of catalyst. Typically 0.04 g of magnetic powder was diluted with 160 mL ethyl alcohol. This dispersion was homogenized by ultrasonic vibration in water bath for 10 min. Finally, 40 mL water, 1 mL TEOS, and either 5 mL ammonia aqueous (pH 10) or 5 mL of acidified (HCl -pH 1.7) aqueous solution were slowly added to this dispersion and stirred for 24 h. At this point, magnetic separation was made with the help of a permanent magnet and the magnetic powder collected alone was thoroughly washed with distilled water six times. These samples were named MtSi-a and MtSi-b, where a and b denote the acid (pH equal 4.1) and basic media (pH equal 11.4), respectively. The samples were placed under humidified atmosphere overnight and next treated in dry room atmosphere for 96 h.
Glass synthesis
A silica glass control sample was prepared for zeta potential study. In this case TEOS was added to an acidified (HCl -pH 1.7) aqueous solution, and next added to ethanol in a molar proportion of H 2 O:TEOS:CH 3 CH 2 OH of 4:1:4. The solution was magnetically stirred until gelation. The material was placed under humidified atmosphere overnight and next treated in dry atmosphere for 24 h.
Characterization methods
Sample structure, homogeneity, and the formation of silica-coated magnetite nanoparticles were evaluated by comparison of FTIR spectra of coated and non-coated samples. For these analyses, samples were compacted with KBr (approximately 1%) and analyzed in transmission mode in a Perkin Elmer Spectrum GX spectrophotometer. X-ray diffraction measurements were performed in a Rigaku model Geigerflex apparatus using Cukα radiation from 20 to 80º (2θ) at a scan rate of 4º.min -1 and silicon as an external standard.
Zeta Potential (ξ) and particle size were determined in a Nano Size ZS apparatus. For zeta potential measurements the ground material was suspended in water and homogenized ξ was measured as a pH function. For particle size measurements, an aqueous suspension of magnetic powders were ultrasonic for 10 min and next they are left to rest during 30 min.
RESULTS
Magnetite nanoparticles
XRD results (Fig. 1a) showed the presence of two phases corresponding to magnetite and elementary iron in sample Mt. The line broadening observed is essentially due to the nanoparticle size effect. The average particle size of this magnetite sample estimated from breadths of reflection 311 in Scherrer equation was 10 nm. ), where M T and M O correspond to the metal occupying tetrahedral and octahedral positions, respectively [24] [25] [26] . Due to instrument limitations, we were unable to observe vibrations type 'ν 3 ', although 'ν 1 '-and 'ν 2 '-type bands were well defined. Table I shows the reported absorbance values of various iron oxides [27, 28] . Fig. 3 shows the variation of the zeta potential as a function of pH solution for sample Mt. The pH corresponding to the isoelectric point (pH IEP ) of this sample is about 5.0. 
[Figura 2: Espectro infra-vermelho com transformada de Fourier do vidro (a), Mt (b), MtSi-b (c) e MtSi-a (d).]
Iron oxide IR bands (cm These results are in a good agreement with data found in the literature [29] .
Silica-coated magnetite particles
Fig. 1b and c shows the X-ray diffraction patterns of silica-coated samples. The spectrum includes Fe 3 O 4 and some Fe diffraction peaks, and it is very similar to that of non-coated sample as expected.
FTIR spectrum of silica glass control sample (Fig 2a) presented bands at 1080, 800, and 460 cm -1 due to the Si-O-Si bonds [30] [31] [32] and a peak at 960 cm -1 associated to Si-OH bond vibrations [33] . Sample MtSi-b (Fig. 2c) presented peaks related to the Si-O-Si bond at 1080 cm -1 and 800 cm -1 , besides a peak at 575 cm -1 associated with Fe-O bonds. The shoulder at 960 cm -1 present in the FTIR spectrum of this sample is composed of contributions from Si-O-H stretching and Fe-O vibrations [34] . As no substantial shifts are observed when coated and non-coated spectra are compared, the formation of Fe-O-Si bonds may not be evoked.
The FTIR spectrum of sample MtSi-a (Fig. 2d) showed a broad band characteristic of Si-O bands at about 1200 to 900 cm -1 and another at 570 cm -1 , characteristic of magnetite. Fig. 3 shows the variation of the zeta potential as a function of solution pH for samples Mt, MtSi-a, MtSi-b, and for pure silica glass. The pH corresponding to the isoelectric point (pH IEP ) of the Mt sample is about 5.0. Samples MtSi-a and MtSi-b presented a pH IEP of 2.3, and the pH IEP of pure glass is about 2.0.
DISCUSSION
To verify the surface charge effect of magnetite particles, the zeta potential of silica-coated and non-coated particles was measured as a function of the solution pH (Fig. 3) . The pH iep of magnetite nanoparticles is about 5.0, while all coated particles showed a pH dependency similar to that of pure silica. Their pH IEP was about 2.3, whilst pure silica has a pH IEP equal to 2.0. The observed difference of pH IEP in KCl solution confirms that the coating process was effective since the charge surface properties of magnetic nanoparticles are close to that of pure silica. The nature of the species present in the base and acid catalyst medium coating should be different. Magnetite powders have a pH iep equal to 5.0, which means that for coating at pH 11.4, the magnetite presented a negative surface, while that coated at pH 4.1 presented a positive surface. It is expected that at pH 11.4 FeO -groups predominate over FeOH + 2 groups on magnetite surface in contrast to that at pH 4.1. However, our results show that coating occurred in both conditions.
Hypotheses of specific interactions between magnetite nanoparticles and silica have been advanced in the literature. Particle dispersability in the silica matrices may result from various types of interactions: covalent, through Si-0-Fe bond formation; electrostatic, between negatively charged Si-0 terminal ligands and positively charged groups on the particle surface; or hydrogen-bond interactions between hydration layers of silanol groups and the particle surface [35] . Bruni et al. [36] proposed a model for Fe 2 O 3 -SiO 2 nanocomposites in which iron oxide nanocrystals in silica matrix pores are closer to the matrix surface with the elimination of interconnected water by producing a magnetic interaction between iron (III) and silica ions. The presence of Si-O-Fe bonds in the dried gel strongly indicates an interaction between well isolated Fe 3+ ions and the nearest silica matrix. Li et al. [37] observed similar results for NiFe 2 O 4 nanocrystals dispersed in a silica matrix. IR and EPR spectroscopies were used in those studies to follow the changes. In our study, no extra bands related to Fe-O-Si bonds appeared in Fourier-transform infrared spectra of coated samples. Therefore, if Fe +3 -Si interaction occurs, it seems to be very faint. In fact, the Bruni model [36] suggests that the Fe 3 O 4 nanoparticles interact with either the silica matrix or the silanol groups on the surface of the cavities where they are formed. After heating at 300, 500, and 700 °C, the vibration bands due to adsorbed H 2 O molecules and silanol groups were little intense as polycondensation takes place. The Fe-O-Si band (590 cm -1 ) appears after heating at 700 °C.
CONCLUSION
Zeta potential measurements showed that magnetite nanoparticles were successfully coated with silica in base-and acid-catalysis synthesis conditions. In both cases, coated magnetite presented almost the same pH Iep as that of the pure glass sample. Moreover, the nanoparticles remained magnetic after coating and their particle size decreased about 30% after coating, probably due to the expected effect of the silica coating preventing nanoparticle agglomeration.
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